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Introduction 51
The genus Modestobacter [37] belongs to the family Geodermatophilaceae [41, 42] of 52 the order Geodermatophilales [60] which is a member of the class Actinobacteria [63] . 53
Members of the genus are currently recognised by a combination of chemotaxonomic, 54 morphological and physiological properties [43, 69] . They are aerobic, Gram-positive, non 55 spore-forming, heterotrophic actinobacteria which form rod-and coccoid-shaped elements 56 which tend to remain aggregated and have a tendency to form multiseptate filaments and an 57 ability to grow on oligotrophic media; the wall peptidoglycan contains meso-diaminopimelic 58 acid, the major fatty acid is iso-C16:0, the predominant respiratory quinone is 59 tetrahydrogenated menaquinone with nine isoprene units (MK-9 [H4]) and the major polar 60 lipids include diphosphatidylglycerol, phosphatidylethanolamine and phosphatidylinositol. 61
The [50] which form a distinct clade in the Geodermatophilaceae 16S rRNA gene tree. The small 65 number of Modestobacter strains assigned to these species were isolated from markedly 66 different ecosystems [69] though there is evidence that members of the genus are associated 67 with extreme biomes, including regoliths and desert soils and with the surfaces of rocks and 68 ancient monuments [19, 44, 45, 70] . The presence of Modestobacter strains in such hostile 69 environments may be partly due to their ability to form black pigments [12] , melanin-like 70 pigments which may prove to be a source of sun screens. 71
To date, Modestobacter strains have not been isolated from Atacama Desert soil. 72
Members of the genus have been considered to access trace carbon sources on stone surfaces 73 that are characterized by low organic carbon availability [12] while M. marinus strain BC501 74 has been reported to be highly resistant to gamma and high energy UV radiation [19] .
joining [55] algorithms with 1,000 bootstrap replicates [15] after removing the gaps and 128 missing data from the nucleotide sequence alignment using the MEGA 6 software package 129
[65]. The neighbour-joining and maximum-parsimony trees were obtained using the Max 130 mini branch-and-bound algorithm [47] . The phylogenetic position of the three isolates was 131 established using representative sequences from members of the family 132
Geodermatophilaceae. 133
Partial gyrB gene sequences of all of the Modestobacter type strains generated in this 134 study were used to determine the potential value of this gene as a phylogenetic marker. All 135 sequences (1043-1361 bp) were aligned and the corresponding phylogenetic trees were 136 constructed as explained above for the 16S rRNA gene. In this analysis, G. obscurus DSM 137
43160T was used as an outgroup. 138
139

BOX typing 140
BOX-PCR fingerprinting profiles from genomic DNA extracted from the isolates and 141
Modestobacter type strains were generated using the BOXAIR primer [71] and previously 142 described experimental conditions [68] . Cluster analysis based on the Pearson moment 143 correlation coefficient was carried out with the software Gel-Compar II (Applied Maths). 144
145
Chemotaxonomy 146
The isolates were examined for the presence of the isomers of diaminopimelic acid 147 (A2pm) following the procedure described by Hasegawa et al. [20] . In turn, fatty acids 148 extracted from the isolates were methylated, analysed using the protocol of the Sherlock 149
Microbial Identification (MIDI) system, version 5 [57]; the resultant peaks were named using 150 the SACTIN 6 database and the results compared with those of the Modestobacter type 151 strains which had been examined under the same experimental conditions [69] . Using 152 standard chromatographic procedures isolate KNN 45-2bT was examined for the presence ofdiagnostic menaquinones and polar lipids [38] and whole-organism sugars [64] . 154
155
Cultural and morphological properties 156
The isolates were examined for motility and micro-morphological properties using 157 procedures described by Trujillo et al. [69] . Cultural properties of the isolates were recorded 158 on tryptone-yeast extract, yeast extract malt extract oatmeal, inorganic salts-starch, glycerol 159 asparagine, peptone-yeast extract-iron and tyrosine agar plates (ISP media 1-7; [62]) 160 following incubation at 28oC for 14 days. 161
162
Phenotypic properties 163
The isolates were screened for a combination of biochemical, degradation and physiological 164 properties shown to be of value in an earlier study of Modestobacter strains [69] . All of the 165 tests were carried out in duplicate using a standard inoculum equivalent to 5.0 on the 166
McFarland scale [39] . In addition, the ability of the isolates to grow in the presence of carbon 167 dioxide as a sole carbon source was examined using a Thermo Forma Series II Water Jacket 168 CO2 incubator and carbon utilisation agar plates (ISP medium 9, [62]) was determined 169 following incubation at 28oC for 14 days. 170 171
Whole-genome sequencing of isolate KNN 45-2bT and genomic analyses 172
Isolate KNN 45-2bT was grown in tryptone soy broth supplemented with 10% sucrose 173 yeast extract-malt extract (1%, v/v), 5mM MgCl2 and 0.5% glycine at 30oC for 48 h. Cells 174 were spun down, and resuspended in 10 mM NaCl, 20 mM Tris-HCl (pH 8.0) and 1 mM 175 EDTA then incubated with lysozyme at 37oC for 1-30 minutes until they were lysed. SDS 176 (0.5% final concentration) and proteinase K (40 g) were added and the cell extract incubated 177 at 50oC for 6 h when a standard phenol-chloroform extraction was carried out on the lysate. 178
The pH of the extract was adjusted to 5.5 with 0.3M sodium acetate and DNA spooled with aglass rod following the addition of 2 volumes of 96% ethanol. After washing and drying the 180 DNA was dissolved in TE buffer, DNA quality was verified by sal1 digestion and agarose gel 181
electrophoresis. 182
The genome of strain KNN 45-2bT was sequenced on an Illumina platform (Service 183 SX, Leiden, The Netherlands). The quality of the 100-nt pair end reads was verified using 184
FastQC (1, http://www.bioinformatics.bbsrc.ac.ukprojects/fastgc/) and depending on the 185 quality, reads were trimmed to various lengths at both ends. The trimmed reads were 186 assembled using Velvet [77] . The genome was annotated using the RAST server [ Small numbers of strains growing on the isolation plates were assigned to the genus 202 Modestobacter as they formed characteristically round, slightly mucoid colonies that were 203 initially orange to beige in colour but later turned black. The highest count, 6.0 x 10-1 cfu/g 204 dry weight soil, was recorded on the humic acid-vitamin agar plates. All of the isolates were 205
shown to be Gram-stain-positive, non-motile and formed short-rod and coccoid shaped cells 206 that had a tendency to remain aggregated (Fig. 1 ). Colonies were olive to yellowish in colour, 207 but turned black on prolonged incubation. The isolates and the Modestobacter type strains 208 were found to grow well on most of the ISP media producing pigments that ranged from 209 yellowish white to black (Table 1 ). The colonies were flat, round and mucoid with entire 210
margins. 211
The isolates were shown to have identical 16S rRNA gene sequences, which, when 212 compared with corresponding sequences of the Modestobacter type strains showed that they 213 formed a distinct lineage within the evolutionary radiation of the genus Modestobacter, one 214 that was supported by the neighbour-joining, maximum-likelihood and maximum-parsimony 215 algorithms and by an 86% bootstrap value (Fig. 2) . The strains formed a well delineated 216 branch in the Modestobacter 16S rRNA gene tree together with the type strains of M. 217 marinus and M. roseus, a relationship supported by a 96% bootstrap value and by all three 218 tree-making algorithms. They were shown to be most closely related to the type strain of M. 219 marinus sharing a 99.6% 16S rRNA gene similarity with the latter, a value that corresponds 220 to 5 nucleotide (nt) differences at between 1387 and 1403 locations; the corresponding 221 figures between the isolates and the M. roseus type strain were 99.4% 16S rRNA gene 222 sequence similarity and 9 nt differences at between 1385 and 1409 sites. 223
The three isolates were recovered as a well-defined cluster in the gyrB gene tree with 224 M. marinus as the most closely related species, a result supported by a bootstrap value of 225 99% (Fig. 3) . Sequence similarities between the isolates were identical while a value of 226 96.4% was obtained between them and the type strain of M. marinus. The same tree topology 227 was obtained when the different algorithms used for the 16S rRNA gene sequence analyses 228 were applied. Overall, the Modestobacter species had sequence similarities between 87.8 -229
91.1% and were well separated; the gyrB gene phylogeny showed better resolution than the 230 corresponding 16S rRNA phylogeny. 231
BOX-PCR profiles of the isolates and selected reference Modestobacter type strains 232
clearly showed the diversity of their genetic profiles (Fig.S1) strains were shown to grow at 20oC and 28oC, at pH 7.0 and pH 8.0, produce acid 252 phosphatase, esterase (C4), leucine arylamidase, naphthol-AS-B1 phosphohydrolase and 253 valine arylamidase (API tests), reduce nitrate to nitrite, hydrolyse urea, use acetoacetic acid 254 and dextrin as sole carbon sources and grow in the presence of fusidic acid, minocycline and 255 potassium tellurite (Biolog GENIII microplates). Scant growth was detected in the presence 256 of 5% CO2 as the sole carbon source. In contrast, none of the strains were found to grow at40oC, at pH 4, 10 or 11, to produce -fucosidase, -or galactosidases (API ZYM tests) or 258 to assimilate -amino-butyric acid, formic acid, -methyl-D-glucoside, glycyl-proline or 259 methyl pyruvate as sole carbon sources (Biolog GEN III microplates). 260
The remaining phenotypic tests were found to distinguish the three isolates from the 261
Modestobacter type strains (Table 3) 
GEN III microplates). 267 268
Genomic analyses resolving the taxonomic status of KNN45-2bT 270 269
The whole genome sequence of strain KNN45-2bT was compared to that of its nearest 270 Table  296 1), CsrA is a global regulator involved in repression of multiple genes / pathways, including 297 glycogen biosynthesis [53, 54] . Carbon starvation protein A may help the strain to survive in 298 low carbon habitats by activating peptide uptake [31, 49, 58] . Although the SEED analyses did 299 not identify any genes associated with the response to desiccation stress, a number of genes 300 involved in the biosynthesis and uptake of trehalose were scattered across the genome; 301 trehalose has been linked with tolerance to heat and desiccation in bacteria [51] . 302
The BLAST search of the genes involved in UV resistance in M. marinus strain 303 BC501 revealed the presence of two copies of uvrA, one uvrB and three copies of uvrD genes 304 in strain KNN 45-2bT (Supplementary Table 2 ), the uvrC gene of strain BC501 showed 305 partial similarity with a gene in strain KNN 45-2bT. The KNN 45-2bT genome also contained 306 a recO gene and three copies of recQ DNA helicase that are known to be involved in 307 stabilizing the genome [22, 34] . The BLAST searches also revealed the presence of twocoxGLSM gene clusters, an additional cluster of coxLSM, as well as coxD and coxE genes 309 (Supplementary Table 2 The three representative strains taken from the isolation plates were found to share 330 morphological and phenotypic properties and fatty acid profiles consistent with their 331 classification in the genus Modestobacter [43,69], a point underlined by the menaquinone, 332 whole cell sugar and lipid composition of isolate KNN 45-2bT. In addition, the isolates 333 formed a branch in the Modestobacter 16S rRNA and gyrB gene trees (Figs 2 and 3) thatwere most closely related to the type strain of M. marinus but were distinguished readily from 335 the latter based on fatty acid (Table 2) and BOX-PCR (Fig S1) profiles and by a broad range 336 of phenotypic properties (Table 3) . 337
Whole genome sequence analyses such as ANI [27, 28] 
It is evident from this broad-ranging polyphasic taxonomic study that isolates KNN 345 45-1a, KNN 45-2bT and 45-3b form a centre of taxonomic variation within the genus 346
Modestobacter that merits recognition as a new species. It is proposed that these isolates be 347 [45] Normand, P., Gury, J., Pujic, P., Chouaia, B., Crott, E., Brusetti, L., Daffonchio, D., 526
Vacheri B., Barbe, V., Medigie, C., Calteau, A., Ghodhbane-Gtari, Essoussi, I., 
